At present, much attention is being given to the potential of plant pathogens, including plant-pathogenic bacteria, as biological weapons/ bioterror weapons. These two terms are sometimes used interchangeably and there is need for care in their application. It has been claimed that clandestine introduction of certain plant-pathogenic bacteria could cause such crop losses as to impact so significantly on a national economy and thus constitute a threat to national security. As a separate outcome, it is suggested that they could cause serious public alarm, perhaps constituting a source of terror. Legislation is now in place to regulate selected plantpathogenic bacteria as potential weapons. However, we consider it highly doubtful that any plant-pathogenic bacterium has the requisite capabilities to justify such a classification. Even if they were so capable, the differentiation of pathogens into a special category with regulations that are even more restrictive than those currently applied in quarantine legislation of most jurisdictions offers no obvious benefit. Moreover, we believe that such regulations are disadvantageous insofar as they limit research on precisely those pathogens most in need of study. Whereas some human and animal pathogens may have potential as biological or bioterror weapons, we conclude that it is unlikely that any plant-pathogenic bacterium realistically falls into this category.
In recent years, acts of international terrorism have raised concerns that some microorganisms could be used as biological weapons, and the ensuing public discussion raised concerns about their potential to be used as weapons of mass destruction. (Various neologisms have been developed for the discussion of clandestine release of pathogens: agroterrorism, bioterrorism, biocrime, biowarfare, etc., and to microorganisms in this context: bioterror weapons, bioweapons, dual-use agents, and select agents. Some of these have obvious utility; others may obscure understanding. In this text, terms are used in their conventional sense. "Biological weapon" will be used to refer to diseasecausing microorganisms intended for clandestine introduction into a country, with hostile political intent. "Bioterror" refers to organisms with the capacity to instill significant levels of panic in society at large.) Two important aspects of such weapons are their capacity to do extensive biological damage and to cause widespread fear or even terror among the human population. Human, animal, and plant pathogens have all been considered for their potential as epidemic-, epizootic-, and epiphytotic-causing agents to cause damage and to raise levels of social fear. Most attention has been paid to microbes that affect human populations (4) but this concern has been extended to plant pathogens, including plant-pathogenic bacteria (8, 14, 15, 19, 23, 24, (26) (27) (28) 33) . Clearly, there is a need for careful assessment of the impact of deliberate clandestine introduction in terms of the economic harm through damage to animals or crops that might be caused, and the capacity of introduction to instill fear. There have been no documented cases of the successful use of plant pathogens to attack crops or other plants in the past (19) but legislation has nevertheless been enacted in the European Union and the United States of America to classify a number of plant-pathogenic bacteria as putative weapons.
Discussion of biological weapons as terror weapons revolves around suggestions that they have the capacity to cause fear, shock, or panic or have a psychological impact (19, 23, 28) . The concept is both highly emotive and influential but, in this context, there is no consensus as to what count as acts of terror. For instance, Casagrande (14) regards any clandestine biological attack, including environmental activism against any crop, as an act of terror.
The perception as to what a nation might consider constituting an international threat, and what are proper responses to it, is strongly influenced by cultural and political attitudes and by the historical perspective of that country. It follows that although there may be little dispute about the general characteristics of plant-pathogenic bacteria relevant to their consideration as potential biological weapons or bioterror weapons, specific definitions of them as potential biological weapons and appropriate responses to them may differ significantly. The discussion in this paper is set in an international context using examples from jurisdictions in which legislation governing biological weapons has already been enacted.
A general definition of plant-pathogenic bacteria recognizes any prokaryote that causes damage to a host plant species irrespective of the severity of the interaction. Most plant-pathogenic bacteria cause diseases that are of little or no economic importance (10) . Some others cause damage that results in losses in crop yields, but these are usually tolerable. However, a small number of plant-pathogenic bacteria are capable of causing very serious damage to plants of considerable economic value. It is these pathogen-host combinations that are the subject of discussion here. If plant-pathogenic bacteria are to be defined and regulated as biological weapons, unambiguous criteria should be established to differentiate them from the majority of bacterial pathogens that clearly do not pose this threat. This is necessary in order to avoid regulation that would encumber routine research, distribution, and commercial activities.
An unintended consequence of listing plant-pathogenic bacteria as "select agents," because of their perceived potential as biological weapons could also be to restrict research that, in the long term, would more effectively mitigate serious crop damage by the pathogens than their regulation as biological weapons. The purpose of this paper is to consider (i) the criteria (or lack thereof) that might determine biological weapon status for plant-pathogenic bacteria; (ii) which plant-pathogenic bacteria, if any, fulfill such a category; and (iii) to consider the unintended consequences that such listings have in terms of the restriction of legitimate research that, in the long run, could be more effective in mitigating problems associated with plant-pathogenic bacteria.
A definition of a biological weapon. Considerable discussion has been given to the nature of biological weapons (8, 14, 15, 23, 24, (26) (27) (28) (31) (32) (33) but there is no consensus as to a definition. Legislation has been introduced in the European Union (5, 18) and in the United States (2) to regulate organisms that might constitute a biological weapon threat. An Annex (6) to the European Union legislation refers to "dual-use" technology as ".... goods and technology developed for civilian uses, but which can be used for military purposes including for weapons of mass destruction or their means of delivery [our italics]" and bacteria with "dualuse" capability as "Bacteria, whether natural, enhanced or modified, either in the form of 'isolated live cultures' or as material which has been deliberately inoculated or contaminated with such cultures...." By the inclusion as "dual-use" technologies comparable with nuclear weapons, European Union legislation sets a very high threshold for selection. However, as will be seen, several plant-pathogenic bacteria are currently listed that do not meet such a standard. In the United States a list of "select agents," pathogens subject to legal regulation as biological weapons, has been created. The respective European Union and the United States lists do not include the same pathogens, nor do either sets of legislation specify the criteria for identifying and listing plant pathogens as biological weapons. In the wider literature, there are no agreed definitions of biological weapons or agreement as to their essential characteristics and this has led to the use of ambiguous terminology in discussion of the subject.
For the purposes of this discussion, we propose that, for a plant pathogen to be deemed a potential biological weapon, it must have the capacity to cause serious economic harm on a national scale. To be identified as an actual biological weapon, it must be intended for deliberate, clandestine introduction by a politically hostile adversary. The question as to whether such biological weapons can be described as bioterror weapons is treated separately.
Criteria for biological weapon damage. An assumption underpinning current legislation is that some plant-pathogenic bacteria are considered potential biological weapons because of their actual or potential capacity to cause devastating damage. There is no question that some plant-pathogenic bacteria cause serious damage, but to be considered a potential biological weapon, should not a pathogen be capable of causing serious loss to a crop that constitutes a significant food-stock, or a resource of economic significance to a national economy? Merely occasionally to reduce the yield of a regionally important crop cannot be considered adequate as a criterion. The minimum criterion should be that the economic viability of the crop is threatened by the resulting disease. We propose three criteria applied to crop loss, all of which must be fulfilled, before any plant-pathogenic bacterium could be considered as a potential biological weapon.
(i) It must be capable of causing devastating and sustained epidemic losses to a crop on a national scale. That is to say, although the crop loss may be confined to a region, the extent of loss must be such as to tend towards uneconomic yields; yields that are inadequate for a national purpose, or nationally important trade activity.
(ii) It must not already be present in the country or primary production area(s) under consideration.
(iii) The pathogen must cause loss that cannot be absorbed by substitution with another crop, or by obtaining the crop product from another source.
Several reports have attempted quantification of the likelihood that a plant pathogen can be a useful biological weapon, yet these are largely restricted to the pathogenic characteristics of the organism and give little analysis of crop loss (19, 23, 28) . None of these reports considers loss in relation to total production, commercial profitability, or to a national economy. Only in exceptional cases, and then only in general terms, is the impact of crop loss arising from epidemic damage considered in relation to the national crop and to the national economy. Yet this is crucial to the assessment of the impact of an intentional release. Strange and Scott (30) noted the difficulty of assessing crop loss, but without this information, discussion of pathogens as biological weapons is highly speculative.
Clandestine release. To be recognized as a biological weapon, there must be some basis for believing that the release was deliberate. For instance, the citrus greening pathogen (Ca. Liberibacter spp.) and the soybean rust fungus (Phakosora pachyrizi) were on the U.S. Select List of potential biological weapons when they were found dispersed in major production regions. The possibility that these introductions were covert and intentional was not investigated in either case. It is difficult to specify what, in the absence of a claim of responsibility, would constitute proof of deliberate introduction.
An important difference between accidental and clandestine introduction is that the clandestine action, whether as industrial sabotage or political hostility, is very likely to involve multiple release points to enhance the likelihood of an epidemic and to make eradication more difficult. Notwithstanding this, there will be no difference in quarantine protocols and regulations aimed at preventing introductions by either path.
Clandestine release of any kind entails criminal acts that can be treated under existing criminal law. For example, animal viruses, such as those that cause swine fever, bluetongue, and foot and mouth disease of ungulates, have the potential for clandestine dissemination and the ability to cause considerable economic harm. It is not unimaginable that these or other pathogens could be used in acts of international industrial sabotage. Introduction could be with the intention of causing yield loss to reduce product competition, or to impose or to remove a non-tariff barrier. It is an open question if any of the activities, conducted with these intentions, would be described as release of a biological weapon.
Breeze (11) gives a thoughtful review of responses to accidental and clandestine introduction using the introduction of the foot and mouth virus into the United States as a model. Breeze concludes that clandestine introduction is easy, costs of eradication are high and the likelihood of successful eradication is low. Consequently, it is better to direct strategic effort at long-term planning and research towards effective control, rather than attempting to prevent illicit introduction by legislation. This model closely reflects the situation that applies to plant-pathogenic bacteria.
There is always a strong case for research aimed at refining and improving quarantine protocols and management measures against serious plant pathogens. However, current quarantine protocols, though perhaps in need for refinement, usually address adequately the most probable means by which unintentional or accidental release may occur. Is there, then, a need for regulation of plantpathogenic bacteria in a higher category-biological weaponthat invokes issues of national security in response? The study of strains designated as having biological weapon potential is only permitted in facilities with very high security levels. This can be expected to inhibit much research, most especially of studies of management of precisely those pathogens identified as being most harmful to economically significant crop plants (12, 13) . It is beyond the scope of this discussion to attempt estimations of costs of compliance either at domestic and international levels, or of costs resulting from production loss because research and development is slowed or prevented, but it seems likely that they could be substantial.
Economic consequences of clandestine release. Little consideration has been given to the need to quantify the possible economic harm following the clandestine introduction of a pathogen. The following points are considered relevant.
• The diversification of agricultural resources means few countries that are the potential targets of clandestine introductions can be considered to be dependent on particular, locally grown crops either as primary food sources, or as industrial feed stocks.
• There are a very small number of plant-pathogenic bacteria that can be considered to have the potential to cause economic harm on a national scale. Devastating loss to a strategic crop caused by a bacterial pathogen has rarely, if ever, been recorded in a developed country where the principles of crop hygiene are widely understood. Rice (Oryza spp.), potato (Solanum tuberosum), wheat (Triticum spp.), and maize (Zea spp.) are examples of crops that, if they could be devastated on a national scale, could be considered targets for biological weapons, but there are no host-pathogen combinations likely to cause such damage.
• The majority of bacterial pathogens that have been identified as potential biological weapons are already endemic or introduced into most of the regions and countries in which their host crops are grown (10) . There are few additional regions or countries in which their introduction might cause such economic damage as to confirm such identification.
• Reductions in yield of any particular crop usually affect only the associated industry and result in importation, price adjustments, and transfer to alternative food sources.
Several pathogens do cause loss to major crops. For instance, Xanthomonas campestris pv. musacearum and the phytoplasma causing coconut lethal yellows are devastating banana and coconut crops, respectively, as they spread through central Africa. However, there is no political context in which they can be con-
Liberibacter spp. and Xylella fastidiosa also cause heavy losses of citrus and often result in complete crop destruction. These latter two pathogens are discussed in more detail below.
Aetiological and epidemiological considerations. Consideration of the characteristics that regulate the infection and spread of plant-pathogenic bacteria is also essential to determining their potential as biological weapons. Those that appear to be relevant are assessed here.
• The simplest method of inoculum manufacture is as suspensions of comminuted infected plant material.
• Preparation of bacterial inoculum of most plant-pathogenic bacteria is within the capabilities of "kitchen" technology.
• Illicit international movement of most bacterial pathogens can be relatively easily achieved by smuggling cultures or naturally or artificially infected plant material.
• Release of most bacterial pathogens could be achieved by wound-inoculation using inoculum from cultures or from naturally or artificially infected plant material. Ca. Liberibacter spp. and X. fastidiosa might be introduced and propagated in infected plant material, by grafting, or in their insect vectors. Determined efforts at clandestine introduction would probably be successful sooner or later.
• Extended incubation periods and inevitable delays in detection of plant disease usually mean that the likelihood of successful eradication, whether following accidental or clandestine introduction, is small (30).
• Clandestine introduction has a low probability of causing an immediate epidemic because natural environmental conditions only occasionally favor epidemic development.
• Pathogenic bacteria can be endemic but epidemic outbreaks are usually localized to regions of high crop density and to times when environmental conditions are conducive to widespread symptom development.
• Although bacterial pathogens may be widely dispersed, disease outbreaks are invariably sporadic, perhaps occurring at intervals of 2 to 3 years, and often at much greater intervals.
• Only very exceptionally, if ever, would sporadic epidemics in annual crops be likely to cause losses that would constitute a national threat. Crop devastation is more likely to occur in perennial crops in which disease progressively spreads and reduces crop productivity over several seasons.
• The most severe crop devastation is associated with systemic, fastidious xylem-or phloem-limited bacteria, such as Ca. Liberibacter spp. and X. fastidiosa, whose epidemiology is determined, at least in part, by their insect vectors. However, their long latency periods and multi-year epidemic development allows time to anticipate economic impacts from crop losses, making them poor weapons.
• Although it may be possible to select for hypervirulent strains or to engineer greater virulence in selected pathogens by molecular methods, the capacity to enhance either infection or spread, dependent as these are on a multiplicity of environmental factors, is extremely difficult or impossible to manipulate.
Bacterial nomenclature and biological weapons. The European Union list of dual-use bacteria (5) includes Xanthomonas campestris pv. citri defined as "strains referred to as X. campestris pv. citri types A, B, C, D, and E, or otherwise classified as X. citri, X. campestris pv. aurantifolia [sic], or X. campestris pv. citrumelo." This nomenclature includes pathogens of citrus that are inconsequential in their effects, and pathogens unrelated to those occurring on citrus. Bacterial taxonomy is dynamic, the names of many plant-pathogenic bacteria having been revised, and it is understood that the names of others are in need of revision. Attempts to codify pathogens and responses to them cannot be done effectively by assuming a rigid nomenclature. The legislation has been enacted in the belief that bacterial names have descriptive properties; e.g., that a pathogen with the name citri is necessarily associated with the plant genus Citrus. This belief is mistaken (29) . Although names are often derived from some character of the taxon when it was originally proposed, this carries no implication that all members of the taxon exhibit that character (34) . The impact of this law is that one major European culture collection will only release X. axonopodis pv. 'citrumelo' (also called X. alfalfae subsp. citrumelonis or X. campetris pv. citri group E), the pathogen associated with the minor disease, citrus bacterial spot, with the most stringent permissions and with restrictions on further dissemination. Furthermore, a second major European culture collection will not release strains of X. citri subsp. malvacearum, specific to cotton, because of its species epithet. A recent analysis based on gene relationships (3; N. Parkinson, unpublished data) indicates that a substantial number of pathovars at present allocated to X. axonopodis could, in a future nomenclatural revision of the species, be transferred to X. citri, bringing them within the framework of the legislation. Future revisions in bacterial nomenclature may therefore lead to regulation of the movement of strains for which restrictive legislation is inappropriate, with heavy criminal penalties for failure to comply with highly restrictive containment regulations. Legislation will also impede legitimate commercial and industrial applications of these bacteria.
Putative plant-pathogenic bacterial biological weapons. Below are brief notes about pathogens listed in the reports (1,2,5,7) relevant to their consideration as potential biological weapons.
'Candidatus Liberibacter africanus', 'Ca. L. americanus', and 'Ca. L. asiaticus'. 'Ca. L. africanus' and 'Ca. L. asiaticus' are devastating phloem-limited systemic pathogens responsible for the citrus greening disease, now called huanglongbing (HLB). At present, 'Ca. L. africanus' is found in Africa, Arabia, Madagascar, Reunion, and Mauritius. 'Ca. L. asiaticus' is found throughout Asia, South-East Asia, and Arabia, and has recently been reported in Brazil, and the state of Florida in the United States. 'Ca. L. americanus' has been reported only in Brazil. Infected plants invariably deteriorate and eventually die. Once established, control appears to be impossible. The pathogens cannot be cultured and therefore dispersal and infection can only be carried out using infected plant material and by transmission via their psyllid vectors (20, 21) .
Clavibacter michiganensis subsp. sepedonicus. This pathogen causes a serious systemic disease of potato and is difficult to control. Nevertheless, the application of modern hygiene measures allows the production of commercially profitable crops in countries in which the pathogen is present.
Erwinia amylovora. This pathogen of apple, pear, quince, loquat, and Rosaceous ornamentals appears to have variable affects on crops depending on local environmental conditions. It can cause serious losses in California and the United Kingdom. When first intorduced into New Zealand, it was regarded with concern, but since then it has proved to be a pathogen of nuisance value only (J. M. Young, unpublished data). It has been reported in most European countries where it is considered a limiting factor for growing some cultivars. There appears to be considerable variation in disease tolerance between cultivars and species (9) .
Ralstonia solanacearum races 2 and 3. Compared with R. solanacearum race 1, races 2 and 3 have relatively narrow host ranges of which banana and potato, respectively, are the most important crops. R. solanacearum race 2 causes damage on banana in tropical regions and R. solanacearum race 3 causes disease on potato, tomato, pepper, eggplant, and geranium in temperate regions (17) . R. solanacearum race 2 could have a significant impact on banana production if it was introduced into regions where it had not previously been present. R. solana-
Xanthomonas albilineans. X. albilineans is ubiquitous in all regions where sugarcane is grown (10) . It can cause serious local damage but the application of modern hygiene measures allows the routine production of commercially profitable crops.
Xanthomonas axonopodis pv. citri. Of xanthomonad pathogens of citrus, only that causing Asiatic or Oriental canker, variously named X. axonopodis pv. citri or X. citri subsp. citri, or X. campetris pv. citri group A, can cause serious losses to crops grown for juice and further losses in yield from cosmetic damage to crops grown for fruit (16) . It is now present in all citrusproducing counties in Florida where economic crops are grown in spite of its presence. Other xanthomonad pathogens of citrus, named X. axonopodis pv. aurantifolii (or X. fuscans subsp. aurantifolii or X. campetris pv. citri groups B, C, and D) and X. axonopodis pv. citrumelo (or X. alfalfae subsp. citrumelonis or X. campetris pv. citri group E), can cause relatively minor losses in yield from cosmetic damage to crops grown for fruit (20, 22) .
Xanthomonas oryzae pv. oryzae. X. oryzae pv. oryzae is the most serious bacterial disease of rice, sometimes causing serious epidemics and being responsible for widespread reduced rice yields (30) . It is ubiquitous in all regions in Asia, where the crop is successfully grown as a staple food (10) .
Xanthomonas oryzae pv. oryzicola. X. oryzae pv. oryzicola is endemic in areas of tropical rice production (10) . It appears to cause less serious damage than X. oryzae pv. oryzae and, with the application of modern hygiene measures, does not cause major losses. This pathogen, but not X. oryzae pv. oryzae, was recently included on the U.S. Select List.
Xylella fastidiosa. X. fastidiosa is a devastating systemic xylemlimited pathogen that causes the disease variegated chlorosis of citrus. Infection of plants is only known to occur when vectors are present. The pathogen can be cultured and maintained with difficulty. Spread of the pathogen can be slowed, but not halted, by control of the insect vector and use of standard phytosanitary methods in the production of replants (25) .
Of all the bacterial species listed above, only Ca. Liberibacter spp. and X. fastidiosa, both pathogenic to citrus, might be considered to fulfill the criteria proposed for biological weapons. The citrus crop is the basis of juice and fruit industries that are so large that serious damage to them might have significant consequences for those economies in the United States and Europe where the pathogen is not already present.
Psychological consequences of clandestine release (bioterror). Several reports suggest that release of plant pathogens as biological weapons could cause yield losses leading to fear, shock, or panic or have a psychological impact (19, 23, 28) . It is this language and these concepts that imply that they may be considered to be bioterror weapons. We are not aware of any plant-pathogenic bacterium with the capacity to do damage likely to have the psychological consequences suggested. For example, the accidental release and rapid dissemination of the foot and mouth virus on farms in the United Kingdom in 2001 could hardly have done more damage if it had been introduced clandestinely, yet the popular concern, though widespread, was largely allayed by temperate reassurances of its probable effects. It is true that a willful, destructive act carries with it a threat not associated with accidental introduction, but no plant-pathogenic bacterium has the capacity to do such acute damage following introduction into a region or country for the first time as to generate fear. The plant-pathogenic bacteria that cause the greatest losses, Ca. Liberibacter spp. and X. fastidiosa, require several years to achieve their full economic impact. In this circumstance, it cannot be accepted that the terms fear, shock, or panic could be applied to their effect. In short, there is no bacterial plant pathogen with the capacity to cause such damage as to instill public fear or alarm.
Some literature is presented in general terms in which the relative threats of biological weapon release of human pathogens and agricultural pathogens are not clearly differentiated, therefore exaggerating the latter threats (14) . It should be a matter for concern when speculation involving worst-case epidemic and damage scenarios replaces temperate realistic assessments of probable consequences. For instance, Wheelis et al. (32) consider that any attack on agricultural resources, including release of animal pathogens, would be unlikely to cause serious alarm.
Conclusions. The criterion that would justify recognition of any known plant-pathogenic bacterium as a biological weapona bacterium not already present in a country or region and whose clandestine introduction by a hostile adversary in a declared or undeclared war could do significant harm to a national economy and thus pose a threat to national security-can only be considered relevant to very few bacteria. A consideration of the bacteria already listed as potential biological weapons shows few that are likely to pose the kind of acute or chronic threats associated with the concept of biological weapon release. Only strains of Ca. Liberibacter spp. and X. fastidiosa, pathogenic to citrus, might be considered as possible, though doubtful, candidates.
The application of less stringent criteria would mean that research and distribution of plant-pathogenic bacteria that pose a lesser threat will be regulated by national security legislation. This will seriously and unnecessarily inhibit research on these pathogens and deny the rewards of such research.
Because most plant-pathogenic bacteria can be propagated as pure cultures or in infected material with relative ease, determined attempts at clandestine introduction are likely to succeed whatever legislative barriers on the movement of pathogenic material are in place. These barriers are already sufficient to address nonclandestine introductions. More restrictive regulation of movement of bacterial strains in culture can only constrain legitimate exchanges.
Even if pathogens did fulfill the proposed criteria for a biological weapon, it is not clear that regulation in terms of national security is the best approach to controlling them. Longstanding quarantine legislation in most jurisdictions already restricts the movement of pathogenic bacterial strains and provides responses that will mitigate the impact of accidental, as well as clandestine, release. There is an urgent need for critical consideration as to whether the likelihood of clandestine release can be significantly reduced by even more restrictive quarantine legislation. Legislation that does not critically consider realistic scenarios is likely to do more harm than any plausible biological threat, acting as a gratuitous barrier both to research on control measures of these most serious pathogens, and to the exchange of organisms for potentially useful purposes.
In addition, some legislation restricts bacteria simply on the basis of their names, without consideration of their actual or potential threat. The consequence of this misunderstanding is that bacteria that present little or no conceivable threat in terms of national security are restricted unnecessarily, and noncompliance with regulations governing their movement and use may incur extraordinary penalties.
Some reports give undue emphasis to plant-pathogenic bacteria as bioterror weapons, and in so doing may induce concern or even fear among those unfamiliar with them that is wholly unwarranted. To imply that plant-pathogenic bacteria can be bioterror weapons is greatly to exaggerate their capacity to cause harm and hence fear.
The threat of biological weapon use must be given careful consideration. There are human and animal pathogens that could be devastating if deliberately spread. However, when plant pathogens are compared with human and animal pathogens, it is clear that the latter present a far greater threat as potential biological weapons. It is unlikely that any plant-pathogenic bacterium can be justified realistically as a biological weapon and, considered overall, attempts to control them as such by legislative means are counter-productive.
The critical perspective presented in this paper, focused on plant-pathogenic bacteria, might fruitfully be applied to the assessment of fungal and viral pathogens to determine whether any of these merit reconsideration as biological weapons.
